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© Integrated optic multi-demultiplexer. 

Integrated optic devices incorporating echelon gratings 
suitable for use in performing multi/demultiplexing functions 
in optical communications systems. The echelon gratings 
can be either reflection or transmissive types and are con- 
veniently formed using conventional photolithographic tech- 
niques. 
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INTEGRATED OPTIC MULT I/DEMULTIPLEXER 



BACKGROUND OF THE INVENTION 
This invention in general relates to optical 
communications and in particular to integrated optic 
grating multiplexers. 

Wavelength division multiplexing (WDM), the 
simultaneous transmission of several signals on a single 
path, is a technology that is fundamentally important in 
fiber based communications systems because of its impact 
on system configuration, performance, and cost. One 
major advantage of this technology is its ability to 
increase system capacity by increasing the number of 
channels that can be carried per fiber. With increased 
capacity, fiber requirements and associated fiber costs 
decrease, and already installed systems can more easily 
be upgraded to handle subsequent increases in traffic 
Also, different modulation schemes can be used on assign- 
able channels to enhance flexibility and overall system 
design. 

Wavelength selective multi/demultiplexers may 
be classified as active, such as mult i wavelength sources 
or detectors, or passive, such as dielectric filters and 
angularly dispersive devices like prisms or gratings 
Various forms of passive gratings are known. Among 
them are included line gratings and Fresnel gratings 
These kinds of gratings have been proposed and also 
demonstrated as evidenced by the literature. A n high 
resolution gratings require submicron lithography, or 
equivalent precision fabrication, since the line peri- 
od.city required for adequate resolution is of the order 
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of a wavelength. Consequently, it is relatively diffi- 
cult to exploit conventional photolithographic integrated 
optics fabrication technology to manufacture line 
gratings to the precision required for WDM applications. 

However, another type of grating, the echelon 
grating, is well known in bulk optics and can achieve the 
high resolution needed for WDM purposes which supplies 
high relative precision without the need for the high 
periodicity of the line gratings. Because of the impor- 
tance of wavelength division multiplexing technology, and 
the difficulty of easily fabricating angularly dispersive 
devices, it is a primary object of the present invention 
to provide an integrated optic echelon grating that can 
be easily fabricated. 

It is another object of the present invention 
to provide an integrated optic echelon grating that can 
be fabricated utilizing conventional photolithographic 
and etching techniques. 

Other objects of the invention will in part 
be obvious and in part appear hereinafter when read in 
connection with the detailed description to follow. 

SUMMARY OF THE INVENTION 

This invention in general relates to optical 
communications and in particular to integrated optic 
devices incorporating echelon gratings suitable for 
use in multi/demultiplexing functions. Up to 50 or 
more channels separated by an Angstrom or less can 
be effectively prepared. 

The echelon gratings incorporated in the 
devices may be either transmissive or reflective types, 
but the reflective is preferred because it has certain 
advantages over the transmissive. Other components 
can be integrally formed to cooperate with the echelon 
gratings and all can be conveniently formed using conven- 
tional micron photolithography and etching techniques. 



0250824 



The devices can be structured to separate 50 or 
more channels by less than one Angstrom and more than 10 
Angstroms. The devices, preferably however, are struc- 
tured to handle between 20 and 50 channels separated by 
between 1 (fine) and 10 (coarse) Angstroms. 

One preferred embodiment includes a curved 
reflection grating that is achromatized and has focusing 
properties. The echelon gratings of all of the embodi- 
ments however , whether transroissive -or reflective types, 
are structured to receive a plurality of multiplexed 
channels in a given range of wavelengths and diffract 
them into separate channels by angularly dispersing them 
with respect to one another so that the channels are 
spatially separated for subsequent coupling and use. 

DESCRIPTION OF THE DRAWINGS 

The novel features that are considered 
characteristic of the invention are set forth with 
particularity in the appended claims. The invention, 
itself, however, both as to its organization and method 
of operation and fabrication, together with other objects 
and advantages thereof, will best be understood from the 
following detailed description of the illustrated embodi- 
ment and fabrication steps when read in connection with 
the accompanying drawings wherein like numbers have been 
employed in the different figures to denote the same 
parts and wherein: 

Fig. 1 is a diagrammatic plan view of a 
reflection version of the integrated optic device of 
the invention; 

Fig. 2 is a diagrammatic elevational view of 
the device of Fig. 1; 

Figs. 3—5 are diagrammatic perspective views 
of different transmissive embodiments of the integrated 
optic device of the invention; and 

Fig. 6 is a diagrammatic perspective view of 
another reflection embodiment of the invention. 
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DETAILED DESCRIPTION 
This invention relates to the structure of 
various integrated optic echelon gratings suitable for 
use in separating multiplexed communications channels up 
5 to 50 or more in number and separated in wavelength by 
less than one Angstrom. 

The echelon grating structures may be either 
transmissive or reflective types, although the reflective 
type has certain advantages and is therefore preferred. 

10 Other components are shown as integral members along with 
the inventive integrated optic echelon gratings and all 
can conveniently be fabricated using conventional photo- 
lithographic, etching, and diffusion technology. The 
devices preferably are fabricated to handle 20 to 50 

15 channels separated by as little as 1 Angstrom, which 

is considered fine channel resolution, and as much as 10 
Angstroms, coarse resolution. This performance is easily 
achievable using micron photolithography and etching and 
is a consequence of recognizing the applicability of the 

20 echelon grating to the problems associated with WDM. 

A preferred structure for an integrated optic 
device incorporating the echelon grating of the invention 
is shown in Figs. 1 and 2 where it is generally desig- 
nated by the numeral 10. Device 10 utilizes a reflec- 

25 tion-type echelon grating that is formed with focusing 

as well as dispersion properties and has advantages over 
transmissive type echelon gratings because it can be 
achromatized and has higher resolution than its trans- 
missive counterparts of comparable dimensions. As can be 

30 seen, device 10 comprises a thin, transparent dielectric 
substrate 12 with an index of refraction, ng. Atop 
substrate 12, integrally formed with it, sits a thin 
light conducting layer 13 that has an index of refrac- 
tion, nx, that is larger than the index, no- Above layer 

35 13 is air or there may be another layer having an index 
of refraction that is smaller than - 
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Although of one piece, layer 13 can be thought 
of as subdivided into three distinct regions including a 
channel guide fan-out region 14, a surface guiding region 
generally at 16 and a grating region 18 that consists of 
a milled stepped surface 20 that has a mirror coating 
applied to it. Substrate 12 and layer 13 may be formed 
of any suitable materials amenable to photolithographic 
and etching techniques. These materials include any used 
in the fabrication of optical fibers such as silica or 
germania glass, but preferably are formed of a material 
such as synthetic silicon dioxide in which the necessary 
index changes required may be achieved through the use of 
appropriate masks in conjunction with suitable doping 
techniques. 

Formed in the channel guide fan-out region 14 
are a series of waveguides designated generally at 22. 
As can best be seen in Fig. 1, the waveguides 22 are 
grouped rather closely on the right and progressively 
separate more and more as they approach the left edge 
of layer 13. Waveguides 22 function as conduits for 
illuminating and receiving illumination from the stepped 
echelon surface 20. For convenience, the central wave- 
guide of the group 22 may be assigned the role of the 
trunk line along which multiplexed signals travel. The 
light to be demultiplexed emerges from this waveguide 
within its numerical aperture (N.A.) and is contained by 
the surface guiding region 16 in the usual way by proper 
adjustment of the indices, n 0 and m , and the geometry of 
layer 13. After the light emerges from the central wave- 
guide 22, it radiates outward from its end as a cylindri- 
cal wavefront. The full angle of radiation is determined 
by the numerical aperture of the radiating guide. The 
outward radiating wavefront is then incident on the 
reflection echelon grating surface 20. 
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The echelon grating surface 20 consists of a 
curved multistep structure that, as can be seen, is com- 
prised of sectors the flanks of which are radii with 
respect to the source point, i.e., the end of the central 
waveguide, and sections (21) are arcs of circles centered 
on the source point. Thus, since the grating step size, 
i.e., the radius sections (t) , must be all equal in size, 
the length of the circular sections (21) increase in 
proportion to the radial position of the individual 
circular sections with respect to the source point. Each 
arc section (21) thus subtends an angle 6 with respect to 
the source point. This type of pattern is used so that 
each circular section intercepts the same optical power 
as all the other circular steps. 

It should be apparent that the reflection 
grating surface 20 is blazed to reflect light directly 
back to or close to the position of the source point. 
Reflection back to the exact source point will occur if 
the (constant) radial step size at any light frequency 
is a half integral number of wavelengths of light in the 
medium* For non-half integral wavelengths of light, the 
diffracted light is reflected back in a direction close 
to the source point and is collected by one of the many 
waveguides (22) adjacent one another near the central 
waveguide acting as the source. 

A significant feature of the device is that 
the grating 20 is blazed at all such wavelengths, i.e., 
wavelengths for which the echelon round trip step delay 
is equal to an interger number of wavelengths. That is, 
the light power reflected at all such wavelengths is 
substantially the same. This beneficial result occurs 
only for this type of reflection grating containing 
circumferential circular reflecting elements. * It does 
not occur for transmission gratings which exhibit 
substantial amounts of chromatic aberration. 
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For purposes of illustration, assume that the 
step size of the echelon grating surface 20 is one milli- 
meter and that the index of the medium, that is, of layer 
13, is 1.5. Then the total round trip increase in opti- 
cal distance per step is equivalent to a 3 millimeter 
path length in air. This distance corresponds to an 
increase of 3,000 wavelengths of light at one micron 
wavelength. in more common terms, the grating is said 
to be operating in the 3,000th orde r of diffraction. 
It is clear that a change of one length in 3,000 will 
also cause light to be efficiently reflected back to the 
source point. This one-three thousandth change corres- 
ponds to a wavelength change of 3.3 Angstroms, or more 
precisely, a frequency shift of 100 GHz. It is evident, 
15 therefore, that this particular type of echelon grating 
diffracts light back to the source with equal efficiency 
at an infinite number of frequencies all substantially 
equally spaced. Therefore, the grating structure acts in 
a manner which is similar to a Fabry Perot or ring reso- 
20 nator filter and can be used in exactly the same way with 
the same benefits. In the present case, the difference 
in frequency between adjacent orders of diffraction is 
equivalent to the free spectral range of resonator 
filters. in particular, two echelon grating filters of 
25 slightly differing step size can be used in succession to 
create a vernier filter to distinguish between two wave- 
lengths that would otherwise pass through the same ports 
of a single echelon filter. Moreover, because of the 
capability to use many orders of diffraction, a laser 
30 source of any wavelength can be used with a particular 
echelon grating. All wavelengths which have the same 
fractional wavelength excess with respect to the step 
size are diffracted into the same direction which lies 
close to the source point. That is, one can construct 
35 a wavelength multiplexed system using an inventory of 
one laser type if the laser can be tuned thermally or 
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via current control over the wavelength range correspond- 
ing to one order of diffraction. Semiconductor lasers 
can typically be tuned over a range of approximately 30 
Angstroms so that in this case the step size can be as 
small as 0.1 millimeters in glass. 

The fact that a single echelon reflection 
grating of this type can be used over a wide wavelength 
range provides a significant advantage from the manufac- 
turing viewpoint. Namely, a single grating structure 
can be used by many users each at very different wave- 
lengths. Thus, one need only manufacture one echelon 
grating device to satisfy applications covering a wide 
range of wavelengths. The inventory of manufactured 
grating multiplexers can therefore be reduced as compared 
15 with a low order diffraction grating multiplexer which 
must be operated at precisely predefined wavelengths. 

It should also be noted that refractive grating 
structures or flat reflection gratings used in conjunc- 
tion with lenses produce a focus plane that is obliquely 
20 tilted with respect to the center line of the radiated 
light beam and that such a tilted plane causes design 

complications. 

The echelon grating must be manufactured so as 
to create mirror facets perpendicular to layer 13 of the 

25 integrated optic device. Such perpendicular surfaces can 
be prepared by a variety of techniques including ion beam 
milling and r.f. plasma etching or other suitable etching 
capable of maintaining perpendicularity requirements over 
one or more wavelength depths as the case may be. 

3Q It i S believed that this type of integrated 

optic grating device has all the desired features and 
is as good as one which might be achieved via lens 
elements and utilizing a linear reflection diffraction 
grating, but without the problems of such a device. In 

35 particular, it is clear that it is more easily fabricated 
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using photolithographic and etching techniques compared 
to the usual bulk optic approach of grinding eac h face, 
individually. 

The resolution of the grating surface 20, 
5 assuming each of the circumferential arc portions to be 
equal, ls defined in conventional terms as that AX for 
which the new principal maximum of one wavelength falls 
on the first adjacent minimum of the second wavelength. 
It can be shown that the resolution expressed in 
10 mathematical terms is: 

El Nm? U) 



Lon 



where N is equal to the number of steps in the echeK 
grating surface 20 and m is the order of diffraction 
15 expressed by an interger. Rewritten in terms of the 

and.x of refraction of layer 13, an alternate expression 
for the resolution is: 



* _ 2Nnit 



20 



where t is equal to the radial distance between steps. 

For two wavelengths separated by the limit of 
wavelength resolution, the angular separation may be 

expressed as: 

AG= n^ ? - < 3 > 

where d is the nominal width of each step. The overall 
length of the echelon grating surface 20 is simply the 
product of the number of steps times the radial distance 
separating steps, Nt, and is determined by the required 
30 wavelength resolution while the overall width is approxi- 
mately Nd and is determined by the required angular 
dispersion between wavelengths. N itself is determined 
by the total number of wavelengths to be resolved between 
two consecutive principal maxima. 
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As an example , suppose one wanted to design 
an integrated optic echelon grating multiplexer/demulti- 
plexer to separate 20 wavelengths with a mean X equal to 
1 um and AX equal to a fraction of an Angstrom, say 0*17 
5 Angstroms. This requires a resolution, X/AX = 60,000. 

For a glass planar guide ni is equal to 1.5. Therefore, 
equation (2) implies an echelon length, Nt = 2 centi- 
meters. With an angular separation of, say, 10-3 
radians, equation (3) implies a grating width Nd * 0.7 

10 millimeters. Since N equals the number of wavelengths to 
be demultiplexed, we use N - 20 to get t = 1 millimeter 
and d = 35 micrometers. These step widths and lengths 
can easily and reproducibly be achieved by using well- 
known photolithographic techniques used for fabricating 

15 integrated optics devices. 

The scale of waveguides 22 will depend on 
how many fiber modes are being used for communication 
purposes. Although more than one mode is possible, 
the device is preferably operated single mode since 

20 its resolution decreases with increasing mode usage. 

Assuming single mode, the ends of waveguides 22, where 
they are closely grouped at the right, will be on the 
order of one to a few wavelengths so that their spatial 
separation is roughly the same and can be adjusted by 

25 careful choice of angular dispersion and location of the 
ends of waveguides 22 with respect to grating 20. The 
larger separation of waveguides 22, at the left, is for 
accommodating the larger diameters of fibers which are 
to be butt-coupled to carry away the demultiplexed 

30 channels. 

Other embodiments acting as transmission 
devices are possible. With these kinds of devices, 
diffraction takes place across a dissimilar boundary 
which itself is the echelon grating, and the resolution 
35 is given by: 
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Examples of transmissive embodiments are illustrated in 
Figs. 3-5. 

In Fig. 3, a planar substrate 29 has a layer 
32 overlying another layer 30 having a different index. 
This perturbs the effective index of the guided mode to 
n and n 0 under and outside the overlay region, respec- 
tively. 

In Fig. 4, a planar substrate 34 includes a 
guiding layer 36 that is etched to a depth that is small 
compared to its overall depth. The remainder, a stepped 
layer, is treated to provide a proper index. This etched 
guiding then has two regions of different effective 
15 index. This perturbs the effective index to produce 
the n and n 0 regions across the stepped boundary. 

In Fig. 5, a planar substrate 38 is made up 
of two layers 39 and 41, respectively, of two different 
materials such that the effective index in the two 
regions, interfaced as the echelon, is n and n 0 , respec- 
tively. This structure allows the largest values for 
the quantity (n-n 0 ) which can be as much as 0.3 to 0.4. 

In the embodiments illustrated in Figs. 3-5, 
it will be appreciated that a fan-out region similar to 
that illustrated in connection with the reflection device 
of Fig.. 1 can easily be incorporated into these as well. 
Coupling to and from the transmissive devices of Figs. 
3-5 may take on various forms depending upon the partic- 
ular application. Unlike the reflection form of the 
invention, however, input is always on one side of the 
echelon and output on the other. 

Other more complex forms of the reflection type 
incorporating lensing regions for purposes of focusing 
dxffracted orders are also possible. Fig . 6 iii ustrates 
35 one such possibility. „ erG , a reflection device 40 is 
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shown comprising a substrate 42 which is overlaid by a 
second layer 44 that is selectively etched away to form 
the echelon grating structure indicated at 46. The 
vertical surfaces of the echelon grating structure 46 are 
then coated with reflective material. Layer 44 is then 
selectively treated utilizing ion exchange techniques or 
other suitable techniques to locally change the index of 
refraction to form in it lens-like regions such as that 
indicated generally at 48. Here the cylindrical lens 
region 48 accepts the multiplexed signals and collimates 
- them, directing them onto the grating structure 46. 
Waveguiding region 50 is formed in a manner similar to 
that used in forming lens 48. The demultiplexed signals 
are then, after diffraction, refocused by lens 48 to 
15 waveguide 50. The index of layer 44 , outside of these 
special regions, is set in the usual way, and its 
geometry is also set for proper waveguiding purposes. 

The primary advantages to the integrated optic 
echelon gratings disclosed here are threefold: ease of 
20 fabrication, high wavelength resolution, and temperature 
stability. 

A line grating normally requires submicron 
lithography. By contrast, the smallest dimension in 
an echelon grating is on the order of several tens of 
25 microns. In an integrated optic echelon grating, the 

resolution can easily be 5,000 or more and, indeed, for 
one example illustrated, the resolution was 60,000. A 
line grating used in the first order needs 5,000 lines 
for corresponding resolution to that of the integrated 
optical echelon grating. The integrated optical echelon 
grating is extremely temperature stable, requiring rough- 
ly 1,000°C to create a phase difference of 2 tt , i.e., the 
temperature needed to go through a complete order to get 
from one principal maxima to the next. The temperature 
35 to tune through the wavelength resolution limit, however. 



30 
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is T/n, which is approximately 50°C for n * 20. 
Therefore, it is apparent that such gratings are very 
temperature stable, yet tunable. 

It will be recognized by those skilled in the 
art that the planar devices of the invention supports 
two kinds of modes. One is the TE which has its polari- 
zation parallel to the major surface and the other the 
TM mode that is perpendicular to the major surface. The 
effective refractive index in these two directions is 
different even with isotropic materials and hence the 
angular separation is also different. Therefore, the 
TE and TM modes end up at different spatial locations. 
This, however, is controllable by controlling 
polarization with the incoming fibers or waveguides. 

It will be obvious to those skilled in the 
art that other changes may be made in the above-described 
embodiments without departing from the scope of the 
invention. Therefore, it is intended that all matter 
contained in the above description or shown in the accom- 
panying drawings shall be interpreted as illustrative and 
not in a limiting sense. 
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What is claimed is: 

1. An integrated optic device comprising a 
thin, planar substrate made of a transparent dielectric 
material and having integrally formed therein an echelon 
grating and means for irradiating said echelon grating 
with electromagnetic radiation within a given bandwidth 
to diffract said radiation into components of different 
wavelength angularly dispersed with respect to one another 
so that at a predetermined distance away from said echelon 
grating said components are spatially separated for 
individual coupling and subsequent use. 

2. The integrated optic device of claim 1, 
wherein said echelon grating is oriented perpendicularly 
to the major plane of said substrate. 

3. The integrated optic device of claim 2 
wherein said echelon grating is reflective. 

4. The integrated optic device of claim 3 
wherein said reflective echelon grating is curved to 
provide it with focusing properties. 

5. The integrated optic device of claim 4 
wherein said reflective echelon grating is curved in the 
form of a circle. 

6. The integrated optic device of claim 1 
wherein said echelon grating is transmiss i ve. 

7. The integrated optic device of claim 1 
wherein said device is fabricated using photolithographic 
and etching techniques. 

8. The integrated optic device of claim 1 
wherein said means for irradiating said echelon grating 
comprises : 

a) at least one waveguide integrally formed in 
said device and structured to propagate said given band- 
width of electromagnetic radiation; and 
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b) at least one lens region int grally formed 
within said device between said waveguide and said echelo 
grating to accept radiation from said waveguide and direc 
it onto said echelon grating. 

9. The integrated optic device of claim 1 
wherein said echelon grating is transmissive. 

10. The integrated optic device of claim 1 
wherein said device is fabricated using photolithographic 
and etching techniques. 
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